Aims/hypothesis There is evidence that plasma homocysteine augments vein graft failure and that it augments both micro-and macro-angiopathy in patients with diabetes mellitus. It is therefore suggested that homocysteine may augment vein graft thickening, a major cause of vein graft failure, in diabetic patients, as well as impairing adaptive growth of a new vasa vasorum, possibly through overproduction of superoxide. In order to test these proposals, the effect of folic acid administration, which lowers plasma homocysteine, on vein graft thickening and microvessel density was studied in pigs used as a model of diabetes. Methods Non-ketotic hyperglycaemia was induced in Landrace pigs by intravenous injection of streptozotocin, and folic acid was fed daily for 1 month. Vein grafts were excised and the thickness of the neointima and media and microvessel density were assessed by planimetry and superoxide formation. Results Plasma total homocysteine was significantly reduced by folic acid in both control and diabetic pigs, whereas glucose was unchanged. Compared with controls, diabetic pigs showed increased neointimal thickness and superoxide formation and decreased adventitial microvessel density. Folic acid reduced neointimal thickness and superoxide formation and augmented microvessel density in diabetic but not in control pigs. Conclusions Folic acid administration reduces neointimal thickening, augments vasa vasorum neoformation and reduces oxidative stress in saphenous vein grafts from diabetic pigs. Folic acid may therefore be particularly effective in reducing vein graft failure in diabetic patients.
Introduction
An autologous saphenous vein continues to be the most widely used conduit for coronary artery bypass graft (CABG) surgery [1] and infrainguinal bypass surgery for reconstruction of lower limb arteries [2] . However, as many as 50% of vein grafts fail within 10 years after the procedure [1, 2] . Vein graft failure involves the replication of medial vascular smooth muscle cells (VSMCs), which migrate across the internal elastic lamina and colonise the intima, where they continue to proliferate to form a new layer of cells called the neointima [1] [2] [3] . Superimposed atherogenesis ultimately increases the risk of late graft failure [1] [2] [3] .
Risk factors for accelerated vein graft failure include diabetes mellitus [4] and hyperhomocysteinaemia [5, 6] . Following CABG there is a significant and sustained (for up to 6 weeks) increase in the plasma concentration of homocysteine [7] . In turn, homocysteine augments vasculopathy in blood vessels from diabetic animals [8] . These effects include the augmentation of oxidative stress, negation of nitric oxide bioactivity, increased VSMC replication and impairment of neovascularisation [8, 9] , all of which are associated with an increased risk of vein graft disease [10, 11] . It follows that the sustained increase in plasma homocysteine after CABG may render diabetic patients even more susceptible to vein graft failure.
Therapeutically, plasma homocysteine levels are readily managed by the administration of folic acid, which lowers homocysteine by as much as 30% [12] . Other studies have shown that folic acid reduces coronary restenosis following transluminal percutaneous balloon angioplasty in man [13, 14] . Effects of folic acid on vein graft thickening have not been studied. In diabetic animal models, however, administration of folic acid (0.2 mg kg −1 day
) has been shown to reverse intravascular oxidative stress [15, 16] . The latter study demonstrated that the main impact of experimental type 2 diabetes on vascular oxidative stress was at the medial level, which had a knock-on effect of reducing endothelial nitric oxide formation through its reaction with superoxide released from the medium [16] . In terms of vein graft pathology, the medium plays an axiomatic role, since VSMCs of medial origin are the progenitors of the neointima, as outlined above.
It is suggested, therefore, that folic acid may be particularly effective in reducing vein graft thickening in the diabetic patient by a reduction of intra-graft oxidative stress. In order to test this hypothesis, pigs were rendered diabetic with intravenous injections of streptozotocin [17] and interposition grafting of the saphenous vein into the carotid artery was performed. It is accepted that streptozotocin-induced type 2 diabetes has its limitations, which include toxicity to tissues other than beta islet cells [18] [19] [20] . However, streptozotocin still elicits the cardinal indices of type 2 diabetes in the pig that render this model suitable for this investigation, namely, hyperglycaemia, minimal ketonuria, an increase in triacylglycerol and an increase in oxidative stress [17] [18] [19] [20] . It was deemed necessary to undertake this preclinical study prior to a clinical trial, since we need to establish whether type 2 diabetes augments neointima formation in vein grafts and whether folate elicits any ameliorative effects, in order to obtain proof of concept. To optimise clinical trial design, it is important to confirm that intravascular oxidative stress plays an axiomatic role, which in turn will aid in making appropriate sampling and measurements in study design.
Thus, folic acid was administered daily at a dose considered to be maximally effective in man (i.e. 0.2 mg kg
) [12] and which has proved effective in reducing medial oxidative stress in other animal models of type 2 diabetes [15, 16] . After 1 month, grafts were excised and neointimal thickness and replicating cells assessed. As mentioned, neoformation of a vasa vasorum is an important facet of graft adaptation since impairment of re-establishment of the vasa vasorum may render the graft hypoxic, which in turn would promote graft pathology. Intra-adventitial microvessel density was therefore also assessed. Since there is strong evidence that oxidative stress mediates the pathogenic interaction between type 2 diabetes and homocysteine, superoxide formation was measured in graft tissues. Finally, to determine whether folic acid and its active metabolite, 5-methyltetrahydrofolate (5MTHF), have direct effects on oxidative stress, the effect of homocysteine on superoxide formation in saphenous veins from pigs used as a model of diabetes, ex vivo, was also studied.
Methods
Induction of diabetes and surgical procedure Studies were performed using Landrace pigs weighing 30 kg (Animal Services Unit, University of Bristol, Bristol, UK). Pigs received care in accordance with the Home Office Guidance on the operation of the Animals (Scientific Procedures) Act 1986, published by HMSO, London, UK. The investigation conformed with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) . In order to induce hyperosmolar non-ketotic diabetes mellitus, streptozotocin (Sigma, Poole, UK) dissolved in normal saline (60 mg/kg) was injected slowly (over 30 min) into the ear vein on three consecutive days [17] . The development of diabetes was monitored by testing urine for glucose with Multistix (Sigma, Poole, UK) indicators for urinary glucose. Once diabetes was confirmed, pigs were kept in pens for 1 week prior to surgery.
Immediately prior to surgery but before the onset of anaesthesia, blood was taken from the ear vein, plasma was prepared and concentrations of glucose, albumin and homocysteine and erythrocyte folic acid were measured as previously described [7] . All animals underwent interposition grafting of the saphenous vein into the carotid artery [21] [22] [23] . Anaesthesia was induced with ketamine (30 mg) and atropine (0.6 mg) administered intramuscularly. After tracheal intubation, anaesthesia was maintained with halothane and oxygen and animals were allowed to ventilate spontaneously throughout. Heparin sodium (1 mg/kg) was administered intravenously and a single dose of 250 mg benzyl penicillin was administered intramuscularly prior to skin incision. A longitudinal incision was made on the outer aspect of the hindlimb. Approximately 10 cm of the vein was then dissected free of surrounding tissue. Care was taken not to remove the adventitia. All side branches were secured with a 6-0 Prolene ligature (Ethicon, Somerville, NJ, USA). The vein was removed from the animal, rinsed in iso-osmotic sodium chloride solution (9 g/l) containing 2 IU/ml heparin and 50µg/ml glyceryl trinitrate, and stored in the same solution at room temperature (23°C) until needed.
A longitudinal neck incision was made just medial to the sternomastoid muscle and the common carotid artery was carefully dissected from the internal jugular vein and vagus nerve within the carotid sheath. A 3 cm segment of the common carotid artery was isolated between vascular clamps and excised, bevelling the cut ends obliquely to 45°. The saphenous vein was cut to the appropriate length, reversed and similarly bevelled, and an end-to-end anastomosis of the vein to the common carotid artery was carried out using a continuous 7-0 Prolene suture. Animals were extubated and, when in a satisfactory condition, returned to their pens and fed a normal chow diet.
Folic acid (Sigma) was fed to one group of control and another group of diabetic pigs once daily for 4 weeks. Folic acid (0.1 mg kg −1 day −1 ) was incorporated into small amounts of mashed potatoes in order to ensure complete ingestion of the vitamin. Folic acid treatment was commenced 1 day before surgery. After 1 month the vein graft was removed, including 1 cm segments of the proximal and distal carotid arteries, pressure-fixed ex vivo at 100 mmHg using Carson's fixative and postfixed in the same solution for approximately 24 h before being processed for wax embedding and histology. Blood samples were taken from the ear vein. Blood samples were anticoagulated with EDTA (final concentration, 5 mmol/l) and centrifuged at 2,000 g for 10 min at 4°C. Plasma was aspirated and glucose and triacylglycerol concentrations were measured at the Chemical Pathology Laboratory at Bristol Royal Infirmary. Homocysteine was measured using reverse-phase highpressure liquid chromatography with fluorescence detection and erythrocyte folic acid concentration was measured using a commercial immunoassay kit (ICN Pharmaceuticals, Basingstoke, UK).
Histology Histology of vein grafts was carried out as described previously [24, 25] . Sections were dewaxed, rehydrated and stained with haematoxylin and eosin or Miller's elastic van Gieson stain. For proliferating cell nuclear antigen (PCNA), sections were dewaxed, rehydrated and treated with hydrogen peroxide in methanol to remove endogenous peroxidase and the following staining was carried out. Sections were microwaved in citrate buffer, quenched in 1 in 3 horse serum in Tris-buffered saline, and then incubated with PCNA antibody diluted 1 in 100 overnight at 4°C. Sections were washed and then treated with 1 in 400 biotinylated goat anti-mouse antibody followed by streptavidin-biotinylated horseradish peroxidase detection solution. Visualisation was achieved using 3,3′-diaminobenzidine. After counterstaining with diluted haematoxylin and eosin, sections were dehydrated and mounted.
Vessel wall dimensions were measured by computeraided planimetry using an Olympus BH-2 microscope (Olympus UK, Southend on Sea, UK) with a colour video camera head (TK-870E; JVC, London, UK) coupled to a Microscale TM/TC image analysis system (Digithurst, Royston, UK). The area enclosed by the endothelium and the internal elastic lamina defined the intima and the area between the internal and external elastic lamina defined the media. Lumen, intima and media perimeters and areas were computed using the lumen boundary and internal and external elastic lamina as delimiters and mean values were calculated for all sections from the same graft. Average intima and media thickness was derived from the area and perimeter data for five sections from each graft, assuming that the sections consisted of circular profiles. This was a valid assumption because the tissues were fixed at normal perfusion pressure. Microvessels in the adventitia (the new vasa vasorum) were stained with lectin, which delineates the endothelium, and counted as described above.
Measurement of superoxide formation
The reduction of ferricytochrome c method was used to measure O 2 · − [26] [27] [28] [29] . Vein graft samples were cut into approximately 1 mm segments, washed and equilibrated in DMEM without phenol and horseradish cytochrome c (Sigma) with or without superoxide dismutase 500 U/ml and then incubated at 37°C in a 95% air-5% CO 2 incubator for 1 h and the optical density of the reaction medium was measured by spectrophotometry [26] [27] [28] [29] . In vitro effect of homocysteine, folate and 5-methyl tetrahydrofolate on superoxide formation To determine whether folic acid and its active metabolite, 5MTHF, may directly influence superoxide formation in diabetic vascular tissue, saphenous veins were harvested from control diabetic pigs (not treated with folate) 4 weeks after implantation, adventitia were removed and veins were cut into 2 mm rings. These were washed and incubated with increasing concentrations of homocysteine with or without folic acid or 5MTHF, and superoxide generation was assessed as described above.
Data analysis and statistics Data were collated and analysed using Microsoft Excel and non-parametric statistical analysis was carried out using an Intercooled Stata 8 statistics package (Stata Corporation, College Station, TX, USA). Bartlett's test for equality of variance (a necessary assumption for one-way analysis of variance) was significant, indicating that non-parametric methods of analysis were required for the morphometric appraisal of vein grafts and PCNA. Thus, values are expressed as median and 25th and 75th interquartile ranges and graphically as box and whisker plots. The Mann-Whitney U test was then used to test the statistical significance of differences between control and treated groups. To test whether drug effects were dose-dependent, Kendall's tau (τ)-b test was used as a measure of correlation for ordinal categorical data, which takes ties into account. For in vitro data, which were shown to be parametric, Student's t test and ANOVA were used.
Results
The starting weights in both the control and diabetic pig groups were similar at the beginning of the study and no significant changes in weight occurred 4 weeks later (Table 1) . Four weeks after commencement of the study, there were no significant differences in weight between any of the groups (Table 1) . Plasma glucose and triacylglycerol concentrations at day 0 and 4 weeks were markedly higher in the diabetic group compared with the control group (Table 1) . Plasma homocysteine concentrations were not significantly different between controls and diabetic pigs after 1 month (Table 1) . Following administration of folic acid to both control and diabetic groups, however, plasma total homocysteine was significantly reduced in the folic acid groups (Table 1) . Folic acid was significantly elevated in all animals whose diet was supplemented with folic acid ( Table 1 ). All grafts were patent 4 weeks after implantation. There was a significant increase in lumen area, neointimal thickness and area, medial thickness and area and lumen area in vein grafts from untreated animals compared with ungrafted saphenous veins (Figs 1 and 2 ; Table 2 ). Neointimal thickness and PCNA count were increased in vein grafts from diabetic pigs compared with controls, an effect reversed by administration of folic acid (Figs 2 and 3) . Microvessel density was reduced in vein grafts from diabetic pigs compared with controls, an effect reversed by administration of folic acid (Figs 1 and 4) . Superoxide formation was increased in vein grafts from diabetic pigs compared with controls, an effect reversed by the administration of folic acid (Fig. 5) .
Superoxide formation ex vivo was increased in vein graft tissue from diabetic pigs compared with controls ( Fig. 6 ), an effect inhibited by apocynin, diphenyliodonium, rotenone and allopurinol but not by aspirin or L-NAME (Fig. 6 ). Ex vivo, homocysteine augmented superoxide formation by isolated saphenous veins, an effect inhibited by both folic acid and 5MTHF (Fig. 7 ) 
Discussion
The present study demonstrates, first, that streptozotocininduced diabetes mellitus in the pig elicits an increase in neointimal thickness in saphenous vein grafts compared with non-diabetic animals, which has not previously been reported in this species. The PCNA-positive cell count was also markedly augmented by diabetes mellitus, indicating that neointimal thickening was due to increased VSMC replication. This is consistent with previous studies in other species (rabbit, rat and mouse), in which diabetes mellitus also markedly augmented neointimal thickening in vein grafts [19] . In the present study, administration of folic acid elicited inhibition of neointimal thickening in vein grafts from diabetic but not control pigs, even though there was a significant reduction in plasma homocysteine in both control and diabetic groups. Folic acid, in both groups, had no effect on plasma glucose, indicating that these effects were not due to alterations of this variable. These data also indicate that homocysteine may be particularly vasculopathic in diabetic patients undergoing CABG. Previous studies support this proposition. For example, it has been shown that homocysteine, at concentrations between 10 and 100 μmol/l, augments superoxide formation in vascular tissue from diabetic rabbits [8] . In turn, overproduction of superoxide has been implicated in neointima formation in vein grafts [10, 11] . By contrast, even at concentrations as high as 1 mmol/l, homocysteine had no effect on these variables in non-diabetic controls [10, 11] . This indicates that a reduction in homocysteine may not Fig. 1 Representative photomicrographs of haematoxylin-eosinstained porcine vein grafts 1 month after implantation. a Control, untreated; b diabetic, untreated; c control, treated with folic acid; d diabetic, treated with folic acid. Adv, adventitia; EEL, external elastic lamina; IEL, internal elastic lamina; L, lumen; M, media; NI, neointima. Scale bar, 100 μm Data are median (range); n=6 animals **p<0.01 vein graft at 4 weeks vs ungrafted saphenous vein at day 0 elicit a beneficial effect in non-diabetic persons but may do so specifically in the diabetic patient. Why the vasculature of diabetic patients should be susceptible to oxidative attack by homocysteine has not been elucidated. However, it has been demonstrated that copper homeostasis is markedly altered in diabetes; in particular, copper is dissociated from its binding sites by reactive oxygen species [30] . In turn, homocysteine reacts with copper to augment vasculopathy, including an impairment of angiogenesis [9] . In support of this proposal, chelation of copper with oral penicillamine also inhibits neointima formation in porcine saphenous vein grafts [31] . A common denominator pathological event associated independently with diabetes mellitus and hyperhomocysteinaemia is oxidative stress, in particular, superoxide formation [10, [30] [31] [32] [33] [34] . Diabetes mellitus is also associated with increased intravascular superoxide formation in vein grafts, a principal source of which is NADPH oxidase [32] [33] [34] . Superoxide elicits effects associated with vein graft disease, including the promotion of VSMC replication and neointima formation [10, 11] . The present study confirms that superoxide is markedly increased in vein grafts per se, an effect that is exacerbated by type 2 diabetes. The present study confirms not only that NAPDH oxidase is a major source of superoxide but also that xanthine oxidase and mitochondria contribute, whereas cyclooxygenase and nitric oxide synthase do not. In turn, folic acid administration reversed this effect in diabetic but not non-diabetic vein graft tissue.
Several studies have demonstrated that folic acid administration to man preserves nitric oxide-dependent functions within the vascular endothelium [35] [36] [37] [38] , an effect ascribed to overproduction of medial superoxide [15, 16] . Homocysteine, at concentrations similar to those in the plasma of pigs and man, enhances superoxide formation in diabetic vascular tissue [16] , an effect confirmed by the present ex vivo study of diabetic vein graft tissue [16] . Thus, since folic acid reduces plasma homocysteine, it is reasonable to suggest that the present effect of folic acid in diabetic pigs is due to lowering of this amino acid. An important point of this study is that the present effects are ascribed to an impact at the media-VSMC level rather than the endothelium. Indeed, in the present study superoxide formation was shown to be enhanced in isolated grafts by exogenous homocysteine at circulating concentrations.
However, since lowering of plasma homocysteine by folic acid in control pigs had no effect on neointima formation, this points to a direct effect. Folic acid and/or its metabolite, 5MTHF, directly protect endothelial nitric oxide synthase (eNOS) from uncoupling, independently of homocysteine-lowering capacity [39] . In the present study, folic acid and MTHF directly inhibited superoxide formation at physiological and therapeutic concentrations induced by homocysteine in isolated porcine saphenous veins from diabetic pigs, indicating direct inhibitory effects of both folic acid and 5MTHF on intra-graft oxidative stress, independently of homocysteine. Another notable finding of the present study was that the number of microvessels in the neoadventitia of vein grafts (neo-vasa vasorum) was markedly reduced in diabetic pigs. The vasa vasorum is a network of microvessels housed in the adventitia that supplies larger conduit vessels with oxygen [3] . Preparation of the saphenous vein for implantation, ipso facto, results in disruption of the integrity of the vasa vasorum, which in turn results in graft hypoxia, further reactive oxygen species (ROS) formation and vein graft pathology. It is now established that restitution of the vasa vasorum (microcirculation) in vein grafts is an important adaptation to arterial conditions. In this context, there is strong evidence that homocysteine is a contributory factor for diabetic microangiopathy [40, 41] , including microvascular repair in wound healing [42, 43] . In the present study, diabetes mellitus markedly impaired microvessel density in the adventitia whereas administration of folic acid reversed this effect. This is consistent with the known beneficial effect of folic acid on endothelial nitric oxide formation and the reduction in the over-production of ROS. Since endothelial cells are axiomatic in angiogenesis [42, 43] and nitric oxide mediates angiogenesis [44] , it is reasonable to suggest that this impairment is due to the overproduction of ROS and its restitution by folate, due to inhibition of superoxide formation.
To summarise, experimental type 2 diabetes mellitus in the pig resulted in a marked augmentation of neointima formation, impairment of neo-vasa vasorum formation and augmentation of superoxide formation, all of which were reduced by the administration of folic acid. Such was not the case in non-diabetic pigs. Since superoxide promotes neointima formation and impairs angiogenesis and folic acid is known to reduce superoxide formation, it is likely that these effects are due to a reduction of intra-graft oxidative stress. The lack of effect of folic acid in nondiabetic animals indicates that type 2 diabetes renders the graft susceptible to oxidative attack by homocysteine through a hitherto undefined mechanism. From a clinical perspective, therefore, it is reasonable to suggest that administration of folic acid to diabetic patients may prove effective in reducing late vein graft failure. A clinical trial in man to test this hypothesis would therefore seem to be warranted.
